Introduction
============

The evolutionary history of chloroplasts underwent several selective and adaptive processes, particularly along terrestrial colonization. Massive transfers of genetic information to the host genome and its functional assimilation led to retraction in the endosymbiotic genome ([@B37] *et al.*, 2004). A strong selective pressure acted to maintain the remaining endosymbiotic genetic information. Posttranscriptional processes were selected by promoting the maintenance of essential sequences for gene expression and functional proteins. In plastids, RNA editing is a nucleotide change from cytosine to uracil (C-to-U) and less frequently, from uracil to cytosine (U-to-C) by deamination and amination reactions, respectively ([@B4] and [@B32], 2010; [@B34] *et al.*, 2013). These changes are necessary for RNA maturation, to generate start or stop codons, or even to result in changes in amino acid identity ([@B31] and Knoop, 2016).

Extensive studies have been performed to elucidate molecular features, mechanism, and the machinery of plastid RNA editing. *Cis*-element sequences were identified and reported to be determinant to plastid RNA editing site specificity ([@B3] *et al.*, 1996). In general, 20 nucleotides upstream and, in some cases, 10 nucleotides downstream from the sequence of the RNA editing site correspond to the *cis*-elements for RNA editing ([@B40] and Tsukahara, 2017). The first RNA editing *trans*-factor identified was a Pentatricopeptide Repeat protein (PPR). PPR proteins are characterized by tandem arrays of degenerated 31 to 36-amino acid repeating units, called PPR motifs, repeated in tandem up to 30 times, that folds into a pair of antiparallel α-helices, forming a solenoid structure (Small and Peeters, 2000). This protein family has thousands of members in land plants, with about 450 members in Arabidopsis, corresponding to the most studied RNA editing factor so far recognized ([@B5] *et al.*, 2016). PPR proteins form sequence-specific associations with RNA, and these associations affect folding, processing, and translation of the RNA, thus manipulating the expression of the transcript ([@B11] and Small, 2011). The sequence-specific associations occur through the interaction between protein motifs and RNA, where one motif corresponds to one base, and the amino acids at particular positions determine the nucleotide-binding specificity ([@B21] *et al.*, 2012).

Plastid RNA editing was reported in most of the plant lineages, and the number of editing sites varies among species. In seed plants, plastid editing sites have already been reported in rice (21), maize (26), tobacco (34), cucumber (51), and *Arabidopsis thaliana* (43) ([@B18] and Sugita, 2016). The identification of editing sites and measurement of editing levels have demonstrated differences among tissues and developmental stages ([@B26] and Sugita, 2004; [@B38] *et al.*, 2013). These findings can be used to evaluate the impact of different stresses on editing mechanisms. Soybean is a model crop with some prior studies about plastid RNA editing. Our group has described 43 phylogenetically conserved and five non-conserved editing sites in *Glycine max* using RNA sequencing data ([@B29] *et al.*, 2017a). Besides that, we also have described a salt stress effect in soybean plastid RNA editing ([@B30] *et al.*, 2017b).

Based on these sequencing data, three plastid RNA editing *cis*-elements were selected, all of them presenting high editing levels, where intense plastid RNA editing *trans-*factors activity is expected. Biotinylated probes were designed based on these *cis*-element sequences to perform an RNA-pulldown protein purification. Plastid RNA editing *trans-*factors acting in selected soybean plastid *cis*-element were identified, and its specificity among sites was evaluated. Also, other proteins were identified that have non-specific *cis*-element binding activity.

Materials and Methods
=====================

RNA probe design for *cis-*elements
-----------------------------------

The soybean chloroplast genome was retrieved from NC_007942.1 accession. The coding sequences of *atpF* (GlmaCp025), *ndhB* (GlmaCp064), and *rps14* (GlmaCp013) genes were used to design RNA probes. Three probes were produced corresponding to *atpF*-92, *ndhB*-1481, and *rps14*-80 editing sites as the reference to select 28 upstream and 7 downstream nucleotides, totalizing a 36-nucleotide probe from each editing site: *atpF*-92, UUUAAUACCGAUAUUUUAGCAACAAAUC[C]{.ul}AAUAAAU; *ndhB*-1481, AUUGUAUGUGUGAUAGCAUCUACUAUAC[C]{.ul}AGGAAUA; and *rps14*-80, CAGAAAUAUCAUUUGAUUCGCCGAUCCU[C]{.ul}AAAAAAA. The RNA probes were synthesized and biotinylated at the 5' end. To analyze the conservation of RNA *cis*-element sequences among species, chloroplast coding sequences for each transcript were identified in the eight species listed in [Table S1](#suppl03){ref-type="supplementary-material"}. A tree was created using the Neighbor-Joining method, with p-distance model performed in the Molecular Evolutionary Genetics Analysis (MEGA) 6.0 software ([@B35] *et al.*, 2013). Sequence logos were generated using WebLogo3 ([@B6], 2004) at http://weblogo.threeplusone.com.

Plant material and chloroplast isolation
----------------------------------------

For chloroplast isolation, soybean (*Glycine max* (L.) Merrill) cultivars Conquista were cultivated until the fifth trifoliate (V5) stage. The modified high salt chloroplast isolation protocol was followed to obtain chloroplasts ([@B39] *et al.*, 2014).

Plastid protein extraction and protein isolation by RNA probe pulldown
----------------------------------------------------------------------

All the following steps were carried out at 0 °C if not otherwise stated. The final chloroplast pellet was resuspended in lysis buffer (0.2 M potassium acetate, 30 mM Tris-HCl pH 8.0, 10 mM MgCl~2~, 2 mM DTT) and transferred to a microcentrifuge tube. The resuspended solution was pulled through a syringe (0.3 mm 8 mm) 60 times. The homogenate was centrifuged twice at 16,000 x *g* for 20 min at 4 °C. A supernatant aliquot was transferred to a new tube, and the same volume of incubation buffer (150 mM NaCl, 20 mM Tris-HCl pH 8.0, 1 mM EDTA, 5 mM MgCl2, 0.5% Triton X-100) was added. The homogenate was transferred to a new tube and biotinylated probes (final concentration 5 μM) corresponding to each editing site were added. The solution was incubated at 160 rpm for 30 min at 25 °C. Control blank analyses corresponded to resin incubated with total protein extracts without any RNA probe. In addition to the blank control, each probe can be considered and used as the control of each other in the protein identification assays, forming a group in the analyses. The homogenate was transferred to a centrifuge tube containing streptavidin-agarose resin previously washed with lysis and incubation buffer 1:1 (v/v) thrice. The washing step consisted of adding the solution, gentle manual shaking and resin decantation, followed by discarding the volume above the resin. The solution was maintained on a gentle manual shaking for 15 min. Two washing steps were performed with lysis and incubation buffer 1:1 (v/v), followed by three washing steps with lysis and incubation buffer (without Triton X-100) 1:1 (v/v). The final solution containing streptavidin-agarose resin, biotinylated probes/blank control, and plastid proteins was maintained at -20 °C before sample preparation.

Sample preparation for proteomic analysis
-----------------------------------------

The resins were incubated for 5 min at room temperature, with 7 M urea/2 M thiourea. Proteins extracted from resins were further reduced using 10 mM DTT for 60 min at 35 °C and alkylated using 40 mM iodoacetamide for 60 min at 35 °C in the dark. Urea concentration was diluted to less than 1 M using 50 mM NH~4~HCO~3~ pH 8.0 and proteins were digested with trypsin (Promega) overnight at 35 °C. Trifluoroacetic acid (TFA) was added (final concentration 0.1%) in order to stop digestion, and peptides were passed through C18 spin columns (Harvard Apparatus), dried under vacuum and stored at -20 °C for further use. Two biological replicates were subjected to digestion for each RNA probe.

Protein identification by mass spectrometry
-------------------------------------------

Peptides obtained from the tryptic digestion (2 μg) were loaded onto a C18 reversed-phase pre-column (2 cm long, 100 μm internal diameter, with ReproSil-Pur C18-AQ 5 μm beads - Dr. Maisch GmbH) and fractionated on a New Objective PicoFrit^®^ Self-Pack column (18 cm long, 75 μm internal diameter, with ReproSil-Pur C18-AQ 3 μm beads - Dr. Maisch GmbH). The samples were analyzed in an EASY-nLC II system (Proxeon Biosystems) coupled in sequence to a high-resolution ESI-LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific). The peptides were eluted using the gradient starting from 100% phase A (0.1% formic acid, 5% acetonitrile) to 35% phase B (0.1% formic acid, 95% acetonitrile) for 107 minutes, 35-100% of phase B for 5 min, and 100% of phase B for 8 min, totaling 120 min in a flow of 250 mL/min. After each run, the column was washed with 100% of phase B and re-equilibrated with phase A.

The m/z spectra were obtained in positive mode with data-dependent automatic acquisition - Data-Dependent Acquisition (DDA) - of the MS and MS/MS spectra. The MS spectra were obtained in high resolution in the Orbitrap analyzer with a resolution from 30,000 at m/z 400, mass range of m/z 350-2000, Automatic Gain Control (AGC) of 1 x 106 and maximum injection time of 500 MS. The MS/MS spectra were obtained by higher energy collisional dissociation (HCD) in the Orbitrap for the 10 most intense ions, with a charge ≥ 2, resolution of 7500 at m/z 400, signal threshold of 10,000, the normalized energy of collision (NCE) of 30, and dynamic exclusion of 45 s. Proteome Discoverer 2.1 software was used for data analysis applying the Sequest^TM^ algorithm and a *G. max* database downloaded from Phytozome (June 2017). The parameters used were: full-tryptic search space, up to two missed cleavages allowed for trypsin, precursor mass tolerance of 10 ppm, and fragment mass tolerance of 0.1 Da. Carbamidomethylation of cysteine was included as fixed modification, and methionine oxidation and protein N-terminal acetylation as dynamic modifications.

Analysis of probe-PPR protein binding events
--------------------------------------------

To determine the specificity of the interaction between selected PPR and the respective probe sequence, the aPPRove method ([@B16] *et al.*, 2016) was used to evaluate how and where the PPR protein binds to the RNA designed probes, and if this binding event has a statistical significance. The sequences from the PPR proteins and the RNA probes were used as input. The chloroplast genome sequence of soybean was used as information for random alignment. Binding events that had high statistical significance (*p* \< 0.05) were selected.

Phylogenetic analysis of *trans*-acting editing factors
-------------------------------------------------------

Complete protein sequences from pulled-down PPR proteins were retrieved from the Phytozome database. These sequences were used as queries in BLASTP searches with default parameters against the Phytozome database to retrieve other Arabidopsis and soybean PPR proteins. To determine the structural organization and motif/domain composition of the *trans* -factors, the sequences were submitted to the Pfam web server (http://pfam.xfam.org/) for the prediction of functional domains ([@B10] *et al.*, 2016). The sequence domain found in each protein sequence was retrieved to create a fasta file. The protein domain sequences were aligned using MUSCLE ([@B9], 2004). The multiple alignments were manually inspected using Molecular Evolutionary Genetics Analysis (MEGA) 6.0 software (Tamura *et al.*, 2013). The model of protein evolution for each protein matrix substitution was calculated from multiple alignments by ProtTest3 ([@B7] *et al.* , 2011). The phylogenetic tree was constructed using the Bayesian method, performed in BEAST 1.8.4 software ([@B8] and Rambaut, 2007). The Birth/Death tree was selected as a tree prior to Bayesian analysis and 20,000,000 generations were performed with Markov chain Monte Carlo (MCMC) algorithms. The tree was visualized and edited using FigTree v1.4.3 software (http://tree.bio.ed.ac.uk/software/fig-tree/).

Differential gene expression
----------------------------

Public mRNAs libraries of soybean leaves, deposited by our group in NCBI GEO (http://www.ncbi.nlm.nih.gov/geo/), accession number GSE69571, were used to evaluate the differential gene expression of the identified PPR proteins. SAM files were created using Bowtie software ([@B23] *et al.*, 2009) with default parameters and zero mismatches. A count table containing data from all libraries was created and used as an input file for differential expression analysis performed using the Bioconductor DESeq2 package ([@B25] *et al.*, 2014) with an adjusted *p*-value cutoff of 0.05.

Results
=======

Conservation of editing sites *cis*-elements
--------------------------------------------

Recognition sequences from *atpF*-92, *ndhB*-1481, and *rps14*-80 editing sites were analyzed at 30 upstream and 20 downstream nucleotides in eight species ([Figure 1](#f1){ref-type="fig"}). The *atpF-92* sequence conservation is divided between monocots and dicots (Figure 1a). Monocots already have thymine in the editing site location (Figure S1a). Other differences occur after 26 upstream and 10 downstream nucleotides. The *ndhB*-1481 recognition sequence is the most conserved among all analyzed recognition sequences. Differences could be observed only in position 27 upstream and 19 downstream from an editing site (Figure 1b and Figure S1b). The *rps14*-80 recognition sequence is the most variable sequence among all analyzed ones. Differences could be observed even within monocots (Figure 1c). In total, 14 positions with nucleotide differences were observed in the *rps14*-80 recognition sequence (Figure S1c).

![Sequence analysis of *cis*-elements. A neighbor-joining tree was created using the p-distance method and the sequence alignment of the region surrounding the (a) *atpF-92*, (b) *ndhB*-1481, and (c) *rps14*-80 editing sites, from -30 to +20 around the edited C (position zero) of *A. thaliana (Atha), E. uniflora (Euni), G. max (Gmax), N. tabacum (Ntab), O. sativa (Osat), P. virgatum (Pvir), S. bicolor (Sbic)*, and *Z. mays (Zmay).* A consensus logo is shown for each one of the three alignments, with an arrow indicating the editing nucleotide.](1415-4757-gmb-43-1-s2-e20190067-f1){#f1}

Non-specific protein profile
----------------------------

Despite sequence differences in the designed RNA probes, several non-specific proteins could be identified by the RNA probes used in the pulldown. The elution profile using *atpF*-92, *ndhB*-1481, and *rps14*-80 probes comprises 83, 106, and 78 proteins respectively, while the blank profile, corresponding to a sample not incubated with RNA-probes, comprises 160 proteins ([Table S2](#suppl04){ref-type="supplementary-material"}).

Different RNA binding proteins were identified in the three distinct RNA probe pulldown profiles ([Table 1](#t1){ref-type="table"}). These proteins are involved in RNA metabolism and the translation process. Two RNA helicases were identified in the protein profiles of the RNA probe pulldown (Glyma.02G119000 and Glyma.18G014800) and two translation initiator factors IF-2 (Glyma.08G174200 and Glyma.19G044300). Other plastid proteins that are not RNA-binding were also identified: light-harvesting complex II chlorophyll a/b binding protein 1, LHCB1 (Glyma.16G165200), CHLOROPLAST UNUSUAL POSITIONING1, CHUP1 protein (Glyma.20G185300), weak chloroplast movement under blue light, WEB1 protein (Glyma.18G021300 and Glyma.08G266500) and magnesium chelatase subunit H (Glyma.10G097800). The cytosolic translation and transcription factors, kinases, metabolic enzymes and, in lesser abundance, cytoskeleton components were the main non-plastid contaminations in the RNA probe pulldown.

###### RNA-interacting proteins identified in mass spectrometry assays and their respective probes.

  Protein                                                           Accession         RNA probe
  ----------------------------------------------------------------- ----------------- ------------------------------------
  Pentatricopeptide repeat proteins                                                   
  PPR                                                               Glyma.11G217500   *atpF-92*
  PPR                                                               Glyma.19G025700   *atpF-92*
  PPR                                                               Glyma.01G016100   *ndhB*-1481
  PPR                                                               Glyma.11G111200   *ndhB*-1481*, rps14*-80
  PPR                                                               Glyma.02G174500   *rps14*-80
  RNA helicases                                                                       
  DEAD/DEAH box helicase                                            Glyma.02G119000   *atpF-92*, *ndhB*-1481, *rps14*-80
  Helicase, IBR and zinc finger protein domain-containing protein   Glyma.18G014800   *rps14*-80
  Translation factors                                                                 
  Initiation factor (IF-2)                                          Glyma.08G174200   *atpF-92*
  Initiation factor eIF-2B subunit delta (EIF2B4)                   Glyma.19G044300   *ndhB*-1481

Pentatricopeptide repeat proteins (PPR) identified by pulldown
--------------------------------------------------------------

In total, five PPR proteins were identified in different RNA probe pulldown profiles (Table 1). Glyma.11G217500 and Glyma.19G025700 proteins were identified in the *atpF-92* pulldown profile. These proteins have two Pfam domains assigned as PPRs: PF01535 and PF13041, six copies of PF01535, and a single PF13812, respectively. Glyma.19G025700 differs from the first PPR protein by harboring a third domain corresponding to a cytosine-deaminase (PF14432) that presents a DYW motif.

Two others PPR proteins were associated with the *rps14*-80 probe. Glyma.02G174500 with two PPR domains (three copies of PF01535 and two PF13041) plus the cytosine-deaminase domain with the DYW motif (PF14432). The second PPR protein, Glyma.11G111200 has only two PPR domains (four copies of PF01535 and a single PF13041). This protein was also identified in the *ndhB*-1481 pulldown, as was also observed with Glyma.01G016100 that contains three PPR domains (a single PF01535, seven PF12854, and four PF13041) ([Figure 2a](#f2){ref-type="fig"}).

![Protein structure of the pulled-down PPR proteins and their probe alignments using the aPPRove method. (a) The protein structures designed based in Pfam prediction. The different colors correspond to four PPR Pfam domains: blue (PF01535), red (PF12854), light blue (PF13041), yellow (PF13812), and to cytosine-deaminase Pfam domains in green (PF14432). (b) aPPRove prediction of the 6 and 1' amino acids alignments of PPR protein to the RNA probe sequence. Green and yellow indicate, respectively, higher and lower frequency alignment predicted by aPPRove. Marked in red are the RNA editing site locations.](1415-4757-gmb-43-1-s2-e20190067-f2){#f2}

The specificity of the PPR-probe alignment was evaluated using the aPPRove method (Harrison *et al.*, 2016). This analysis provides an evaluation of the binding event between the PPR and the probe as not occurring at random. All PPR proteins had more than one alignment per probe. The best alignment for each PPR protein in its respective probe is shown in Figure 2b. All PPR-probe alignments to each PPR protein are listed in [Material S1](#suppl06){ref-type="supplementary-material"}.

The Glyma.19G025700 alignment occurs at one nucleotide upstream of the editing site; three alignments correspond to higher frequency alignment, and one to lower frequency alignment. The Glyma.02G174500 alignment occurs at 10 nucleotides upstream of the editing site, and all three alignments correspond to a higher frequency alignment. Glyma.11G111200 aligns to two different RNA probes; in the *rps*14 probe, the alignment occurs at four nucleotides upstream of the editing site, and in the *ndhB* probe, the alignment occurs at 10 nucleotides upstream of the editing site. Among amino acids/nucleotides combinations, three could be observed; three alignments corresponded to higher frequency alignment and one to lower frequency alignment to the *rps*14 probe, and two higher frequency alignments and one lower frequency alignment were to the *ndhB* probe. The Glyma.11G217500 alignment occurs at 14 nucleotides upstream of the editing site and has only two higher frequency combinations aligned to probe sequence. The Glyma.01G016100 alignment occurs at six nucleotides upstream of the editing site. Among amino acids combinations aligned to nucleotides in a probe sequence, seven corresponded to alignment with higher frequency based in Arabidopsis.

Homology among Arabidopsis and soybean PPRs
-------------------------------------------

To identify homologs and understand the evolutionary relationships of the PPRs identified in soybean with those already described in *A. thaliana* as involved in plastid RNA editing, we conducted a phylogenetic analysis using only the sequences encompassing the Pfam domains. The complete dataset consists of 37 sequences, the five soybean PPRs identified by RNA probe pulldown and 32 Arabidopsis PPR proteins ([Table S3](#suppl05){ref-type="supplementary-material"}). The phylogenetic analysis of the PPR amino acid sequences resulted in the formation of well-supported clades separating the different PPR types ([Figure 3](#f3){ref-type="fig"}). Besides that, PPRs from Arabidopsis formed clusters with soybean identified PPR proteins, supported by high posterior probabilities in some cases. Glyma.02G174500 and Glyma.19G025700 grouped respectively to AT3G13770 and AT5G15340 proteins within the DYW-type clade. Glyma.01G016100 grouped to AT5G39710 in a P-type domain clade. The Glyma.11G111200 protein grouped to AT5G50280 in a P-type domain clade. Glyma.11G217500 did not group to any Arabidopsis protein and remained as a basal protein in the P-type clade (Figure 3). Another phylogenetic analysis demonstrated that the Arabidopsis editing *trans*-factors of *atpF-92* (AEF1/MPR25), *ndhB*-1481 (OTP84), and *rps*14-80 (OTP86) do not cluster to soybean PPR proteins found in the pulldown assays. The soybean PPRs isolated from the pulldown continued to cluster to distinct Arabidopsis PPRs ([Material S2](#suppl07){ref-type="supplementary-material"}).

![Phylogenetic relationship among PPR protein sequences. The phylogenetic analysis was performed with PPR protein sequences from *A. thaliana* and *G. max*. Posteriori probabilities are labeled above the branches. In blue, PPR P-type proteins; in yellow, PPR E-type proteins; in green, PPR DYW-type proteins.](1415-4757-gmb-43-1-s2-e20190067-f3){#f3}

A different approach using BLASTP analysis, against soybean PPRs, was performed to identify the three most similar proteins to Arabidopsis *trans*-factors AEF1/MPR25 (AT3G22150), OTP84 (AT3G57430), and OTP86 (AT3G63370) ([Table 2](#t2){ref-type="table"}). The RNA binding specificities of the soybean PPRs obtained by BLASTP analysis, as well as of the Arabidopsis *trans*-factors, were evaluated using the aPPRove method (Harrison *et al.*, 2016) and compared to the PPR-probe alignment of Glyma.02G174500, Glyma.01G016100, and Glyma.19G025700. In all PPR-probe alignments evaluated, the soybean PPRs of the probe pulldown assays had the best alignment, with a *p*-value more significant than the Arabidopsis or its most similar soybean PPR (Table 2). All Arabidopsis and their most similar soybean PPRs aligning to RNA *cis*-elements are listed in [Material S3](#suppl08){ref-type="supplementary-material"}.

###### PPR-probe alignment comparison among Arabidopsis, soybean PPR most similar to Arabidopsis and soybean PPRs pulled-down by RNA probes.

  Protein   Alias                 E-value    Editing site   *p*-value
  --------- --------------------- ---------- -------------- -----------
  AEF1      AT3G22150.1           \-         *atpF*-92      0.003
            Glyma.14G003000.1     0.0        *atpF*-92      0.032
            Glyma.02G309700.1     0.0        *atpF*-92      0.003
            Glyma.06G206900.1     1.3e-127   *atpF*-92      0.122
            Glyma.19G025700.1\*   1.59e-62   *atpF*-92      **0.002**
  OTP84     AT3G57430.1           \-         *ndhB*-1481    0.003
            Glyma.15G156600.1     0.0        *ndhB*-1481    0.009
            Glyma.06G206900.1     0.0        *ndhB*-1481    0.006
            Glyma.15G273200.1     0.0        *ndhB*-1481    0.015
            Glyma.01G016100.1\*   6.57e-13   *ndhB*-1481    **0.001**
  OTP86     AT3G63370.1           \-         *rps14*-80     0.042
            Glyma.02G144100.1     0.0        *rps14*-80     0.052
            Glyma.20G155800.1     0.0        *rps14*-80     0.023
            Glyma.15G273200.1     1.8e-158   *rps14*-80     0.020
            Glyma.02G174500.1\*   5.37e-88   *rps14*-80     **0.019**

\*: soybean loci isolated using biotinylated RNA probe

Gene expression analysis of identified PPR genes
------------------------------------------------

A differential gene expression analysis was conducted to evaluate the expression of individual PPRs under salt stress. The five identified PPR genes were evaluated in comparison to another seven reference genes: five eukaryotic elongation factor 1-beta genes (Glyma.02G276600, Glyma.04G195100, Glyma.06G170900, Glyma.13G073200, and Glyma.14G039100) and two F-box genes (Glyma.11G126500.1 and Glyma.12G051100). These genes were already described as reference genes for normalization in soybean under salt stress ([@B24] *et al.*, 2012). Only two genes, Glyma.02G174500 and Glyma.11G111200, both identified in *rps14*-80 probe pulldown, demonstrated differential expression between control and salt treatment libraries [Figure 4](#f4){ref-type="fig"}). Glyma.02G174500 had a 1.09-fold change increase (*p*-value 0.0117), while Glyma.11G111200 had a decrease of -0.65-fold change (*p*-value 0.0004) ([Figure S2](#suppl02){ref-type="supplementary-material"}).

![Heatmap showing the relative expression of differentially expressed transcripts of pentatricopeptide proteins pulled-down of *Glycine max* under salt stress. Colors indicate relative expression (red = high, black = low expression). Only transcripts whose adjusted *p*-values did not exceed 0.05 are shown.](1415-4757-gmb-43-1-s2-e20190067-f4){#f4}

Discussion
==========

In this work, *cis*-elements and *trans*-factors from three soybean plastid RNA editing sites were analyzed. Each evaluated *cis*-element of an editing site has a conservation pattern that may lead to an alteration in site-recognition of homologous proteins among species. In tobacco plastids, RNA editing sites with similar *cis*-elements are recognized by an identical site-recognition protein ([@B22] *et al.*, 2007). Along this same line, *in vitro* RNA editing demonstrated that deletions, insertions, and mutations in *cis*-elements could lead to changes in a protein that recognize an editing site between plant species without loss of RNA editing ([@B27] *et al.*, 2005).

To date, studies that identified RNA editing *trans*- factors and their interactions are based on co-immunoprecipitation and mutant genetic screening, and the model species have been restricted to Arabidopsis, maize, rice, and *Physcomitrella patens* ([@B30] *et al.*, 2013; [@B20] *et al.*, 2014; [@B36] *et al.*, 2014). In this study we used an alternative method in the protein isolation step for mass spectrometry assays that allowed us to identify PPR proteins in each probe pulldown. Recently, a study redefined the structural motifs of PPR domains (Cheng *et al.*, 2016). According to this definition and based on our phylogenetic analysis, Glyma.01G016100, Glyma.11G217500, and Glyma.11G111200 belong to the P subfamily, while Glyma.02G174500 and Glyma.19G025700 to DYW subgroup of PLS subfamily. P-type PPR proteins are involved in two main functions: stabilization and processing of specific RNA termini and control of the translation of specific mRNAs ([@B2] and Small, 2014). The DYW-type PPR proteins are involved in editing their related editing sites, and in some cases, the DYW domain may participate in the editing of additional sites ([@B15] *et al.*, 2015). The distribution of PPR among probe pulldown profile suggests that multiple trans-factors are necessary for editing.

In Arabidopsis, the three editing sites have only one *trans*-factor to RNA editing: AEF1/MRF25 to *atpF*-92 ([@B41] *et al.*, 2015), OTP84 to *ndhB*-1481, and OTP86 to *rps14*-80 ([@B13] *et al.*, 2009). In soybean *atpF-92* and *rps14*-80, a P-type and a DYW-type can interact to promote editing. Some studies have demonstrated the requirement of two PPR proteins for RNA editing in plastids and mitochondria ([@B12] *et al.*, 2017). The Glyma.11G111200 protein was identified in two pulldown profiles, *ndhB*-1481 and *rps14*-80. OTP82 and CRR22 have been reported to act as site-specificity factors at multiple RNA editing sites with unrelated *cis*-acting elements in plastids ([@B28] and Shikanai, 2012). The same can occur with Glyma.11G111200. *In vitro* experiments have demonstrated a cross-competition in plastid RNA editing, suggesting a sharing of *trans*-factors between different editing sites ([@B17] *et al.*, 2008), and multiple PPR proteins could interact with a unique *cis*-element of an RNA editing site ([@B1] *et al.*, 2017). Sharing of *trans*-factors can confer an advantage by being able to recognize more editing sites with a lower number of required proteins. Besides that, a unique PPR can be a dual target to plastids and mitochondria, acting in different *cis*-elements of different organelles (Ichinose and Sugita, 2016).

An inference of PPR proteins *trans*-factors using phylogenetic analysis can be difficult due to massive gene duplication and evolution of the PPR family in land plants ([@B14] and Mulligan, 2011; Cheng *et al.*, 2016). This massive duplication enables the evolution of plant RNA editing *trans*-factors despite changes in the *cis*-element sequence or the loss of editing sites ([@B19] and Knoop, 2018). Hence, amino acids necessary for the recognition of the *cis*-elements can change over evolutionary time, being able to generate new sites and losing the recognition of already established *cis*-elements. Thus, due to this not-so-simple relationship, methods to identify homologous proteins cannot be used effectively in some cases. The comparison of binding events between Arabidopsis and soybean PPR proteins demonstrates that, despite the similarity, minimal differences among proteins may affect their *cis*-element binding capacity.

In a previous study, we demonstrated some plastid RNA editing enhancement in soybean leaves under salt stress (Rodrigues *et al.*, 2017b). One of them was the *rps14*-80 editing site. Here, we evaluated the expression pattern of PPR transcripts under salt stress. Interestingly, Glyma.02G174500, a DYW-type protein identified in the *rps14*-80 pulldown, has an increase of about one-fold, corresponding to a double increase in its gene expression. Thus, it is plausible to propose that the increase in the editing rate of *rps14*-80 editing site and the increase in Glyma.02G174500 gene expression are related, as it corresponds to its cognate *trans*-factor. The nucleotide alignment with the aPPRove method supports the proposition of the *trans*-factor function of this DYW-type protein in the *rps14*-80 editing site.

A model in which two distinct soybean PPRs can bind to the same *cis*-element under normal physiological and stressed conditions is presented (Figure 5). Under salt stress, the increase in Glyma.02G174500 expression and the decrease in Glyma.11G111200 can lead to a change in protein concentrations and the binding equilibrium at the *rps14*-80 editing site, with a slight increment of the C-to-U editing rate ([Figure 5](#f5){ref-type="fig"}).

![Hypothetical model for the interaction among two soybean PPRs and the *rps14 cis*-element at the editing position C^80^. Glyma.11G111200 has five PPR domains and is expressed in leaves under standard conditions. Glyma.02G174500 is induced under salt stress and contains five PPR plus a deaminase domain with a DYW motif. The model suggests a possible replacement between the two proteins at the RNA *cis*-element, triggered by an alteration in their relative expression levels and an increased C^80^ to T^80^ editing.](1415-4757-gmb-43-1-s2-e20190067-f5){#f5}

The study of the different classes of PPR proteins harboring a diversity of PPR and catalytic domains and their interaction with RNA cis-elements, remains a topic that requires much more investigation, particularly in non-model organisms others than Arabidopsis and rice. As demonstrated by our analysis, it is not easy to identify the homologous sequences of Arabidopsis PPRs in other plant species, and much less so to obtain a good prediction of the *cis*-elements that will be recognized by them.
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